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Abstract 
Fuel cells find a wide range of applications ranging from table top power sources to auxiliary power units for cars and aircraft. 
For mobile applications, vibration becomes a crucial parameter. The study analyzes a cell of active area 150 X 200, for modal 
analysis. The frequencies determined from the study are ~500 Hz which are practically of greater importance. At these 
frequencies resonance near the gasket edges is detected from the mode shapes, which shows possible sites of hydrogen leakage. 
The reduction in torque at the bolt positions near the resonance sites is observed to be around 25% of the initial torque for 1 hours 
of study and 10g of acceleration. Contact pressure profile changes significantly after operation of the cell under vibrations. Using 
harmonic analysis for the obtained natural frequencies, estimation of hydrogen leakage can be performed. The study gives 
important insights into performance predictions of fuel cell over its operational lifetime in mobile units. 
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1. Introduction 
Fuel Cell technology is increasingly becoming popular today, where the applications have expanded beyond the 
laboratory test beds, now in the mass produced cars and aircraft. Polymer electrolyte membrane fuel cells (PEMFC)   
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offers a cheaper and viable solution as a portable energy source. They have already found uses in cars and bikes. 
Stack level fuel cells having involve overcoming a number of challenges such as start-up, contact pressure, flow 
distribution etc [1-4]. One of the factor are overlooked by researcher is the effect of vibration. Effect of vibration 
gains significant important especially for vehicular application. Vibrations during operation show significant impact 
in the longer run of the fuel cells. Frequencies which are not close to the resonant frequencies or natural frequencies 
show very little effect on the overall performance. However, if the frequency range of operation approaches the 
resonant frequency range, the probability of component failure increases [5-6]. Therefore, it is necessary to evaluate 
the effects vibration has on the fuel cell. 
Several researchers have studied these effects [7] [9-12]. Analytical method revolve around sandwich plate 
theory proposed by Carrera and Boscolo [4] [10]. These methods convert the PEMFC structure into a composite 
plates by removing all the special features such as holes, bolts, extrusions etc. Analytically, Ahmed et al [5] have 
simplified the fuel cell structure as a sandwich composite plates. They have also determined the mode shapes. 
Analytical model fails to take into account damping factors associated with materials. Also, the analytical solution 
gives less accurate results as compared to the real cell structure since the number of components, their fits, their 
materials, surface roughness all contribute to the behavior under vibration. Rouss et al [8-9] have done extensive 
work on aircraft vibrations and their testing. They have tested their cell on a shaker in all three directions for 
vibrations. They have experimented with frequency ranges and varying accelerations. They conclude by 
highlighting the need of performing detailed mechanical and electrical analysis of the fuel cell system since their 
observations point towards a greater impact vibrations have on the fuel cell performance.  
Koizumi et al [11] have done 3D finite element modeling of 10kw fuel cell stack, where they have evaluated the 
mode shapes for a range of frequencies. Koizumi et al also predict the first mode to be around 80Hz. Due to the 
larger length of their cell, they have also observed a twisting mode-shape. Rajalakshmi et al [7] have performed 
vibration testing of PEMFC stack keeping in mind transport applications. They note reduction in torque ~20% for 3g 
vibrations for a sweep of frequencies from 30 to 150Hz. The torque variation is not uniform for all bolts, since it 
also depends on other factors like friction between the seat and the collar. Before vibration and after vibration data 
indicates very little performance variation, however they point out the need of real time performance evaluation of 
the fuel cell system. 
 
2. Design of the PEMFC and finite element model 
The PEMFC consist of different components as shown in Fig. 1, it is contains end plates of size 270 X 200 X 10 
mm. The graphite bi-polar plate size is 172 X 167 X 5 mm for allowing the flow of fuel and oxidant. The membrane 
electrode assembly consists of a Nafion membrane of thickness 100 μm, sandwiched between a pair of carbon 
papers which act as gas diffusion layers. 10 number of M10 bolts are used to hold the assembly together and exert 
compressive forces on the electrode. Gaskets help in sealing the fuel and oxidant around the active area. Gasket 
material is selected as Teflon (PTFE) which has thickness of 200 μm. There is no gap between graphite plate and the 
carbon paper electrodes. Thus the contacts are continuous ant there are no air pockets inside the cell during analysis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1: Schematic diagram of PEMFC stack components 
1. End Plate 
2. Current Collector 
3. Graphite Plate 
4. Gasket 
5. GDL 
6. Membrane 
7. Bolt 
8. Nut 
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The material properties are assigned as per Table 1.  
 
3. Modeling  
 
3.1 Methodology 
The realistic boundary condition is implemented during the analysis where the bottom end plate is fixed to a 
support by means of bolts. Torque on the bolt is ~ 20 N-m. Contact Pressure is measured by using the contact tool. 
Separate contact tools are used for gasket and the MEA. After analyzing the system for constant bolting torque of 20 
N-m on all bolts, a reduction of 25% in torque is applied to bolts near to the locations of displacement as per the 
mode shape results. This gives an uneven force distribution on the cell system. The change in contact pressure is 
observed in static structural. Same structure is exported into harmonic analysis with same boundary conditions to 
calculate displacements at 10g acceleration and 1st natural frequency.  
 
Table 1: Material Properties of PEMFC components 
. 
 
 
 
 
 
 
 
 
 
 
 
3.2 Vibration Modeling 
The fundamental governing equation of the problem is the equation for forced vibrations. The vibrations are 
transferred from component to component. 
          (1) 
where, m is mass of the component, x is displacement of the component, c is damping coefficient, k is the stiffness 
of the spring, F is the external excitation force, and f is the frequency of external excitation.    
On solving the basic governing equation, the solution is obtained as, 
           (2) 
where, X is the steady state amplitude of the component, given by; 
            (3) 
from the finite element discretization, the equation (1) can be rewritten as,  
 
         (4) 
 
The cell assembly is modeled in Solidworks 2012. The assembly after creating is directly exported to ANSYS 
Workbench Academic Release 14.5. First a modal analysis tool is used to find out natural frequencies. The mode 
shapes obtained from modal analysis dictate possible sites of deformation. With the help of this data, cell is analyzed 
in static structural for contact pressure profile before and after loosening of bolts.  
For modal analysis the analysis is run for finding out first 7 modes of vibration. Maximum frequency is limited to 
1 kHz. After obtaining the natural frequencies, mode shapes are plotted to visualize the possible displacements of 
the components. At the cell level, the displacements give insights into possible leakage sites for hydrogen. 
The assembly is then analyzed for structural analysis to find out the effect of reduction in torque. Reduction in 
torque would be prominent near the locations of displacement as per the mode shapes. One of the combinations is 
Sr. 
No. 
Description  Materials Young’s 
Modulus (GPa) 
Poisson’s 
Ratio 
Density 
(Kg/m3) 
1 End Plate SS316 193 0.3 8000 
2 Current Collector Copper 120 0.34 8960 
3 Bipolar Plate Graphite 10 0.3 1500 
4 GDL Carbon Cloth 10 0.25 400 
5 Membrane Nafion® 0.19 0.25 2000 
6 Gasket PTFE 1 0.46 2200 
7 Bolt/Nut Stainless Steel 180 0.3 8600 
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analyzed to get insights into change in the contact pressure profile and change in absolute value of contact pressure. 
This variation translates into changing Ohmic losses and degradation of fuel cell output power. The assembly is 
finally run into Harmonic Analysis tool to calculate the displacement of gaskets. The maximum displacement is 
measured and corresponding width of the displacement bulge is noted. 
 
4. Results and Discussions 
 
4.1 Natural Frequencies and Mode Shapes 
As shown in the Table 2, natural frequencies start at 474.71 Hz. Lower range frequencies are of greater 
significance since frequencies generated in automobiles and aircraft lie in this lower range. If the cell is vibrated at 
the natural frequencies listed below, it will produce resonance. Resonance condition should be avoided, since at this 
condition displacements of the components are large. Specially the Nafion membrane and Gaskets, being softer 
materials, show larger deflections. Such deflections may result into open pores to atmosphere, providing a path of 
gas leakage. Superimposition of the mode shapes observed for first four frequencies is shown in fig 2. The regions 
which show displacement are near the gasket edges. The absolute displacement will change depending upon the 
acceleration and amplitude of the vibrations.  
 
Table 2: First seven natural frequencies 
 
Mode Frequency [Hz] 
1 474.71 
2 476.48 
3 476.88 
4 793.39 
5 796.01 
6 839.25 
7 844.47 
 
 
4.2 Reduction in Bolting Torque and Its Effect on MEA and Gasket 
Around 20-25% decrease in bolting torque is observed for vibrations of 10g for over an hour. Considering the 
decrease in the bolting torque, Fig. 3 (a) shows reduction in contact pressure on MEA at the points where mode 
shapes indicate likelihood of resonance as shown in Fig. 2. Also comparing the contact pressure profiles on 
electrode before and after, maximum contact pressure reached after the vibrations is also lowered. Reduction in the 
maximum contact pressure is ~ 30%. These are indicative of increased Ohmic losses which directly contribute to 
reduction output power. The reduction in the bolting torque is permanent which requires periodic tightening of the 
bolts.  
Fig.3 (b) shows reduction in pressure on gasket after vibrations. From the comparison it can be seen that pressure 
on gasket in the lower half of the cell decreases significantly. Maximum pressure on the gasket is decreased by 35%. 
During the first tightening the sealing action at gaskets take place due to deformation of the gaskets. Hence, as soon 
as the bolting torque reduces, the clamping pressure on the gasket is relieved and it produces voids at the interface of 
gasket-Nafion. Thus, it will permanently degrade the performance of fuel cell until the stack is assembled once 
again. The voids at the interface, will contribute to higher hydrogen leakage from the cell. Similar profile is 
expected for all other mode shapes corresponding to Fig.2 which shows lower pressure on gaskets in the regions 
corresponding to sites of resonance. 
4.3 Estimation of Hydrogen Leakage Rate 
Hydrogen leakage will take place at resonant frequencies which are obtained in Table 2. Hydrogen leakage rate 
can be estimated by performing harmonic analysis for the 1st mode frequency at 10g acceleration. Harmonic analysis 
 
Fig. 2: Superimposed Mode Shapes 
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can give the displacement of components at an acceleration and frequency which belongs to the frequency spectrum 
from Modal analysis. From Harmonic analysis maximum displacement of the gasket at the resonance point is 
1.0338x10-08 m and width at the same point ~3 mm. 
Area of the micro-pore= max. Displacement X width of the micro-pore 
Area of the micro-pore A = (7.65x10-06 X 0.003) = 3.98x10-08 m2 
Neglecting change in Enthalpy and internal Energy of hydrogen, from  Bernoulli’s theorem,  
Thus, the leakage hydrogen flow rate = A X V= 215 L/ hr 
The hydrogen leakage rate is a direct function of the acceleration it experiences. The change in the leakage rate is 
found to be a linear dependent of the acceleration as shown in the Fig .4. Thus it can been seen leakage rate 
increases with increase in acceleration of vibrations. 
 
 
 
 
 
 
Fig. 3: Comparison of Pressure Profiles 
4.4 Vibration Behavior of Scale Up  
The behavior of the fuel cell stack under vibrations is a function of size and shape of the stack. Thus, the mode 
shape results as shown in fig.2 could be different for the stack  while scaling up from cell level to stack level. In 
most of the practical scenarios, the system consists of fuel cell stacks with a number of cells. Thus a stack of 10 cells 
is simulated with identical conditions to find out the mode shape results. The mode shapes are consistent with that of 
the single cell geometry evaluated before. The leakages sites are in agreement with the single cell study as shown in 
Fig 5.  
As fuel cells are increasingly becoming popular in automobiles, ships and aircraft, vibration study shows 
important findings regarding its behavior in vibration environment. The study provides insights into probable 
behavior of single cell under vibrations. It calculated natural frequencies and underlined the frequency zones which 
are dangerous for the cell under consideration. It predicted mode shapes and it also located sights of possible gas 
leakage. The reduction in contact pressure is notable at resonant frequencies. The reduction in contact pressure is 
permanent unless the bolts are tightened again. Thus, there is a need of devising locking mechanism or better 
damping for fuel cells to ensure better performance over a longer time. The resonant frequencies can be altered by 
using shock absorbing materials as washers or fillers in the structure. Such additions are likely to reduce the 
deformation due to vibrations and gas leakage. 
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5. Conclusions 
 
Harmonic analysis is performed to find out the displacement of the gasket under resonance. The absolute value of 
the displacement varies according to the magnitude of acceleration, thus to estimate the value of hydrogen leakage 
displacement at 10g acceleration and at 471.41Hz frequency shows a very small displacement of the order of 10-6 m. 
However the estimate still gives leakage rate around 215 L/hr. Leakage can be minimized by changing the gasket 
material and varying the thickness. The estimation of gas leakage by the above mentioned method is a very crude 
estimation since it neglects throttling effects, internal energy of hydrogen and enthalpies. A further detailed study is 
required to accurately measure the leakage rates. The study as a whole predicts the overall effects and performance 
degradation of PEMFC under vibrations.  
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